Condens. Matter 9, 2399 (1997)] to the time-dependent (dynamic) case allows us to obtain simplified model expressions for QENS spectra in the low Q region in the uniform fluid approximation. The resulting expressions describe the quasielastic small-angle neutron scattering (QESANS) spectra of D 2 O solutions of native and methylated cyclodextrins well, yielding in particular translational and rotational diffusion coefficients of these compounds in aqueous solution. Finally, we discuss the full potential of the QESANS analysis (that is, beyond the uniform fluid approximation), in particular, the information on solute-solvent interactions (e.g., hydration shell properties) that such an analysis can provide, in principle.
I. INTRODUCTION
The relative significance of coherent and incoherent neutron scattering depends on the nuclear composition of the sample, the size of the particles or structures present in the sample, and on the range of neutron wave vector transfer (Q) accessed in an experiment.
In a small-angle neutron scattering (SANS) experiment Q values are small, and, given a sufficient scattering contrast, coherent scattering from large objects dominates the scattering pattern even when these objects have many hydrogen nuclei (which have a high incoherent scattering cross-section). With increasing Q, coherent scattering drops fast (following for instance Guinier's law) and often becomes much smaller than the incoherent component.
Relative to SANS, in a conventional quasielastic neutron scattering (QENS) experiment the Q values are high (> 0.2Å -1 , typically > 0.5Å -1 ), the molecules are often small, and the hydrogen content is high enough to reduce the coherent scattering contribution to a few percents and less. This is why an analysis of QENS experiments often accounts for incoherent scattering only (see for instance Refs. 1-3).
In a SANS diffraction experiment, incoherent scattering is just a flat background, whereas coherent scattering is a source of structural information. In QENS, incoherent scattering informs us about the single molecule motion, and the motions of individual functional groups within the molecule, while coherent scattering gives us information about the motion of molecules (and their parts) relative to each other. Hence, coherent QENS is more difficult to analyze than incoherent. First, the dependence of the line shape of the coherent QENS spectra on structural properties of the sample is more intricate; consequently, much of the structural information (e.g., the solute's crystal structure, radial distribution functions in solution) is required as a model input. Second, it is in general much more difficult to model the collective motion of a system of particles, than the motion of a single particle.
Neutron sources and instrumentation have been and are being improved continuously, so that now a QENS experiment in the low Q region (using longer incident neutron wavelengths) takes a much shorter time than in the past. QENS is increasingly often applied to study proteins and other large molecules. Thus, the neglect of coherent scattering in today's QENS experiments is no longer "automatically" warranted. This neglect must be properly justified (e.g., a small contribution of coherent scattering to the total scattering cross-section does not rule out the dominance of coherent scattering in a certain Q region), hence a way to calculate (or at least estimate) the coherent scattering contribution is required. Even more importantly, an analysis of the coherent QENS spectra may provide unique details on the dynamics of intermolecular interactions (e.g., solute-water) and intramolecular interactions (e.g., internal dynamics of proteins 4 ).
We know few QENS studies on solutions where coherent scattering was accounted for to some extent 5 . Neutron spin echo spectroscopy (NSE) delivers, in principle, the same information as QENS does (although in the time and not in the frequency domain). However, intrinsically, NSE is more suitable for the study of coherent rather than incoherent scattering and, relative to QENS, considerably more attention was paid to the analysis of the former, see, e.g., Refs. 4 and 6.
Our QENS investigations 7, 8 that included a partial account for coherent scattering were on D 2 O solutions of cyclodextrins (CDs) and their methylated derivatives (mCDs). The
CDs are macrocycles consisting of 6, 7, or 8 D-glucose units, and are called α-, β-, and γ-CDs, respectively 9 , see Fig. 1 . The mCDs that we studied were β-CD per-methylated at all 2, 6 hydroxyl groups (DIMEB) and γ-CD per-methylated at all 2, 3, 6 hydroxyl groups (TRIMEG). While the solubility of CDs in water rises upon increasing temperature, the opposite is true for mCDs: mCDs are well soluble in cold water but crystallize upon heating.
This makes CDs and mCDs good model systems for the study of the hydrophobic effect and of hydration 10 . In the analysis of QENS spectra of mCD and CD solutions we calculated the coherent scattering by a single solute molecule from atomic coordinates known from X-ray or neutron diffraction crystal structures, and took into account the intermolecular coherent scattering from solutes. Nevertheless, with these ingredients alone we could not explain an observed excess of QENS intensity towards low Q values in the spectra of mCDs dissolved in D 2 O. We were, however, successful in explaining this with a phenomenological model that includes an additional coherent scattering contribution from the hydration shell of mCDs 7, 8 .
In this model two approximations were made: the coherent scattering due to solute-D 2 O spatial correlations was neglected, and both coherent and incoherent D 2 O scattering in solution were described by the same parameter values as used for the description of the scattering by pure D 2 O.
In this paper we develop a model for the analysis of QENS spectra of aqueous solutions of molecules which are relatively compact and inflexible compared to polymer chains. Most significant (but not strictly necessary) assumptions of this model are: i ) hydration water is structurally and dynamically equivalent to bulk water, ii ) scattering contributions from motions of functional groups within the solute molecule can be neglected, and iii ) the scattering function for the collective translational motion can be calculated using Vineyard's convolution approximation 11 . The first two assumptions are valid for dilute solutions and Q <0.5 -1Å -1 ; the last one is used solely for practical purposes. The model accounts for the time-dependent spatial correlations between all atoms and renders a description of all the coherent and incoherent scattering contributions. We then extend the static theory of the excluded volume effect 12 to the time-dependent case, develop simplified model expressions suitable for the QENS spectra recorded at sufficiently low Q values, and show that these expressions are compatible with the concept of scattering contrast. Simplified model expressions adequately describe our QENS spectra proving that an ad hoc assumption about the scattering by the hydration shell made before is not absolutely necessary (although a contribution of this kind can not be excluded). Finally, we discuss the possibility to study the dynamics of solute-solvent interactions by QENS.
II. THEORY
To help the reader in following the formulae, we have given a list of symbols at the end of the paper, before the appendices.
A. The scattering function for an aqueous solution
The scattering function, S(Q, ω), is the time-Fourier transform of the intermediate scat-
tering function, I(Q, t):
where Q is the wave vector transfer (Q = k − k 0 ),hQ andhω are the neutron momentum and energy transfer, respectively (hω = E − E 0 ). For an aqueous solution, I(Q, t) can be written as (see, e.g., Ref. 13):
where R iµ is the vector giving the position of the µth nucleus in the ith molecule, b iµ is the neutron scattering length of this nucleus. N w and N sol denote the number of water and solute molecules, respectively. The angle brackets denote the statistical average.
I(Q, t) can be represented as a sum of three terms depending on solute-solute, solutewater and water-water space-and time-dependent correlations: I sol (Q, t), I cross (Q, t), and I w (Q, t), respectively. Its time-Fourier transform, the scattering function for an aqueous solution, is the corresponding sum:
S sol (Q, ω) accounts for the intermolecular coherent scattering (due to the time-dependent pair-correlations between the positions and orientations of two distinct solute molecules) and for the intramolecular scattering (due to self-correlations between the positions and orientations the single solute molecule takes on at different times). The latter generally is a sum of coherent and incoherent scattering. Likewise, S w (Q, ω) accounts for the intermolecular coherent scattering, and the intramolecular (coherent and incoherent) scattering from water molecules. Finally, S cross (Q, ω) accounts for the intermolecular coherent scattering due to solute-water time-dependent spatial correlations (there is no incoherent scattering contribution here because the correlations are between different molecules).
For the solute molecules that are relatively compact and inflexible (as opposed to linear polymers, alkanes etc) and just as well for bulk water molecules, the model given in Appendix A can be used to calculate the scattering functions, i.e., S sol (Q, ω) and S w (Q, ω), respectively.
This model was originally developed for molecular liquids, and the motion of an atom located in a molecule is described by the convolution of the center-of-mass (CM) diffusion of the molecule and an isotropic rotational diffusion. The shape of the molecule does not have to be spherical, it should just not be too anisotropic. For flexible molecules other models should be used (e.g., for polymers: CM diffusion and the Rouse model). In the following we write down, as an example, the detailed expression for S w (Q, ω); the formally completely analogous expression for S sol (Q, ω) can then be obtained simply when replacing everywhere the subscript w by the subscript sol.
For the moment, we assume that hydration water and bulk water are structurally and dynamically equivalent. Consequently, the expressions from Appendix A (Eqs. (A1)-(A3))
can be used for S w (Q, ω). Explicitly, S w (Q, ω) is:
where n w is the number density of water molecules in solution, DWF w is the Debye-Waller factor, ⊗ is the convolution operator, and D r w is the rotational diffusion coefficient of a water molecule. The coefficients A l w (Q) are given by Eq. (A4), Lor (x, ω) stands for a Lorentzian function with ω and x being the argument and the parameter (half-width at half maximum), respectively. S coh tr w (Q, ω) and S inc tr w (Q, ω) are the coherent and incoherent translational scattering functions for the CM of water molecules (corresponding to collective diffusion and self-diffusion of water molecules, respectively).
The expression for S cross (Q, ω) can be written as (see Appendix B):
where n sol is the solute number density, b sol (Q) and b w (Q) are the effective scattering lengths (see Eq. (A8)) of solute and water molecules, respectively. S tr sol−w (Q, ω) is the (coherent) scattering function for the translational motion of water molecules relative to solute molecules.
We made one standard, difficult to avoid, assumption: the rotational and translational motions of a molecule, as well as rotational motions of two distinct molecules, are not coupled (weak hindering approximation 13 ). Throughout the paper we will also assume that, because of the low-Q region of our experiment, rotational motions of water molecules and motions of functional groups within the solute molecule contribute to the QENS spectra to a negligible extent. Although this is not strictly true, we make this assumption because our primary goal is to consider the intermolecular coherent scattering, which is only observable in the low-Q region (Q < 0.5 -1Å -1 ).
There exist a number of theoretical expressions for the incoherent translational scattering function, but none for the coherent one. That is, there are no expressions for S coh tr sol (Q, ω), S coh tr w (Q, ω) and S tr sol−w (Q, ω), but we need them to use Eq. (3). For our present practical purpose, since we do not have a fully valid theory at our disposal, we proceed by applying Vineyard's convolution approximation 11 . Although this approximation has no profound theoretical justification, it is a means of constructing an at least phenomenologically approximate coherent scattering function S coh app (Q, ω) from an incoherent translational scattering function S inc (Q, ω) by multiplying the latter with the known Q-dependent integral
. By doing this, the 0 th moment of S coh app (Q, ω) becomes correct, which does however not imply the correctness of the higher moments of S coh app (Q, ω); (see also Refs. 14 and 15 for some more information about this). In Vineyard's approximation we have:
where S cm sol (Q), S cm w (Q), and S sol−w (Q) are the solute-solute, water-water, and solutewater intermolecular CM structure factors in solution (hereafter: structure factors the rotational dynamics of the hydration water is different from that of the bulk water, in our Q region the effect of using somewhat different rotational diffusion coefficients is small (the terms for l > 0 are negligible).
Thus, the framework described above makes it possible to account for the coherent scattering.
B. Uniform fluid approximation
In general, for a practical application of the approach described above all three structure factors from Eqs. (6)- (8) In the UFA G w (r, t) reflects the time-dependent spatial pair correlations between two (infinitesimal) volume elements of the solvent, and G sol−w (r, t) reflects such correlations between the CM of the solute molecule and the solvent volume element. These correlations depend on the translational motion of the solute molecules relative to each other, described by G sol (r, t), and, if the solute molecules do not have a spherical shape, on their rotational
(r, t). The superscript (p) indicates the function's relation to the volume element inside a particle (in our case, inside a solute molecule). 
where the coefficients A l(p) (Q) are given by Eq. (D22).
is the time-Fourier transform of I tr sol−w (Q, t) given by Eq. (D23):
where N (p) (Q) is given by Eq. (D24).
In Eqs. (10a-10c) and (11) the quasielastic broadening depends on the solute structure and dynamics only. Furthermore, the S coh tr w (Q, ω)-expression is similar to that for S sol (Q, ω) (see Appendix A). This is a consequence of the uniform fluid approximation: the solvent has no structure, and therefore solvent volume elements effectively do not move themselves. 
In the UFA, S coh tr w (Q, ω) is given by Eq. (10a); it does not depend on the local water structure and water dynamics, but it does depend on the change in the water structure caused by the volume excluded by solute molecules. Without the UFA, Eq. (12) can be rewritten (using Vineyard's convolution approximation) as:
In Eq. (13) S cm w (Q) depends on both the local water structure and the presence of solute molecules; the line broadening of S inter w (Q, ω) depends on water dynamics. Thus, we see that the UFA does not account for the broad coherent scattering component due to translational water dynamics. The intensity of this component can be estimated from the coherent scattering of pure water in the low-Q region; as known from experiment, in many cases it is negligible compared to all other scattering contributions, especially for non-dilute solutions.
C. Low Q limit and scattering contrast
Even in the uniform fluid approximation the expression for the total scattering function for an aqueous solution is quite involved. Let us find a simplified expression in the limit of very low Q values and without the incoherent scattering contribution.
Qualitatively, one expects rotational and vibrational motions to have little effect in QENS spectra at low Q values. Specifically, at Q < 0.5Å -1 , the A l w (Q)-coefficients for l = 0 are negligible and DWF w ≈ 1, so Eq. (4a) can be written as:
where b w (Q) is defined by Eqs. (A8)-(A9). Likewise, at a sufficiently low Q value (which depends on the size of the solute molecule) A l sol (Q) and A l(p) (Q) for l = 0 are negligible, too. Therefore, Eqs. (A2), (A9), and (10a) yield:
Thus, the coherent QENS scattering from solution is:
At low Q, N (p) (Q) is just the number of water molecules excluded from the solution by one solute molecule, and A (17) yields (after applying the convolution approximation):
While Eq. (18) is already simple enough for a practical application, it can be simplified further to make its meaning more transparent. Let ρ sol and ρ w be the solute and water coherent scattering length densities (in general,
is the scattering contrast and Eq. (18) can be written as:
where ν (p) is the volume excluded by the solute molecule. As follows from Eq. (1), an integration of Eq. (19) over energy transfer gives the small-angle scattering intensity, I(Q, t = 0). Because S inc tr sol (Q, ω) dω≡1, we get an equation that is well-known in the field of smallangle neutron and X-ray scattering:
This result demonstrates that the model framework presented in this paper is, generally speaking, an account for the scattering contrast in the time-dependent case.
III. EXPERIMENT
A. Experimental Details D 2 O 99.9 % pure, DIMEB and TRIMEG (> 95%, CycloLab), γ-CD (>98%, ROTH)
were used without further purification. In our calculations the density of the solutions was In one experiment the spectra were recorded with an energy resolution (∆E), full width at half maximum, of ≈ 10 µeV. The incident neutron wavelength (λ 0 ) was 10.0Å, sample angle (α) 21 =90°, the range of the Q values for zero energy transfer (Q range, hereafter) was from 0.16Å -1 to 1.2Å -1 . In another experiment, the spectra were recorded with ∆E≈ 10 µeV, λ 0 =15.3Å, α=60°, the Q range was from 0.10Å -1 to 0.75Å -1 . For the QENS analysis the Q range was limited by a maximum value of ≈0.6Å -1 , in order to remain in the low Q region. The sample temperatures are given in Tables I and II .
B. Data Analysis
Data reduction of the raw QENS spectra was carried out using the program FITMO 22 .
The energy resolution function was determined by fitting a Gaussian function to the vanadium spectra. The expression fitted to the sample spectra reads: where φ is the scattering angle, R(φ, ω) -slightly angle-dependent energy resolution func- 
which is the well-known form of expression (A6) in the low-Q limit. Since molecules we studied are larger than β-CD, smaller D r sol are expected. Therefore, the D r sol values, if not fitted, were kept at 0.25 µeV, 0.1 µeV or 0 µeV; the quality of the fits differed negligibly.
To calculate S cm sol (Q), we extended Debye's approach for the calculation of S cm sol (Q)
for hard spheres to the case of hard bodies of an arbitrary shape. We assumed that given a molecule with an orientation Ω 1 and its center-of-mass (CM) at the origin, the probability to find the CM of another molecule with an orientation Ω 2 at a distance r is equal to the mean solute number density everywhere, as long as molecular volumes do not overlap, and zero otherwise. The static CM pair correlation function G cm sol (r, Ω 1 , Ω 2 ) was calculated using the cube method, averaged over all possible orientations Ω 1 and Ω 2 , and Fourier transformed to yield S cm sol (Q). Although the so-obtained S cm sol (Q) accounts for the twobody interactions only, it is adequate given the low solute volume fraction in the studied solutions (see, e.g., Ref. 16 ).
If the correction procedure for the angle-dependent attenuation of the incident beam and of the sample scattering is accurate, and the spectra were normalized to the scattering by vanadium, the scaling factor F sc (φ) is just a constant that can be calculated from the sample thickness and the properties of the calibration standard 39 . However, due to the approximations used in the correction procedure, F sc (φ) usually deviates from the expected value. To compensate for those small, but non-negligible deviations in the fitting procedure of the model expressions to the spectra, F sc (φ) was employed as a free but φ-dependent fitting parameter.
Since the UFA does not account for the intermolecular coherent scattering due to a finite size of water molecules, S inter w (Q, ω) from Eq. (12) lacks a broad scattering component which we call S corr w (Q, ω). We estimate the magnitude of this component by the intermolecular coherent scattering from pure water, which is (see Eq.(13)):
where S cm d2o (Q) is the structure factor for pure D 2 O. At low Q, where only the first term in the infinite series (4a) needs to be considered, the ratio of the energy-integrated function S corr w (Q, ω) to the energy-integrated incoherent water scattering (see Eq. (4b)) is:
40 . Therefore, we decided that for the dilute solutions (as in our case) it was better to add S corr w (Q, ω) to the model expression given by the UFA than to neglect it entirely. Hence, in fitting of the QENS spectra a modified version of Eq. (4b) was used:
IV. RESULTS
The model fitted to all QENS spectra of CD and mCD solutions is represented by Eq. (3) containing the sum of the three terms S w (Q, ω), S cross (Q, ω) and S sol (Q, ω). The function S w (Q, ω) is given by Eqs. (4a)-(4c) , where Eq. (24) is replacing (4b), and by (10a)-(10c);
S cross (Q, ω) is given by Eqs. (5) and (11), while S sol (Q, ω) is given by Eqs. (4a)-(4c) (with superscript "sol" instead of "w"), (6) and (22).
Examples of the fit results are shown in Fig. 2 for the elastic wave vector transfer Q=0.14 A -1 , and in Fig. 3 for Q=0.5Å -1 . To see if there is any observable broadening at all, the widths of the separately plotted components of Eq. (3) should be compared to the width of the energy resolution function. In Fig. 2 , both S sol (Q, ω) and S w (Q, ω) have widths similar
to the resolution width (we had to scale down R(φ, ω) so that the curves would not entirely overlap). The S cross (Q, ω)-width is the same as that of S tr sol−w (Q, ω) (see Eq. (11)), and thus, because at low Q the rotational QENS contribution is negligible, is similar to that of S sol (Q, ω). In Fig. 3 , at a higher Q-value, the widths of both S sol (Q, ω) and S w (Q, ω) are clearly greater than the resolution width, and the S cross (Q, ω)-term has a negligible intensity.
The broadening of the quasielastic peak due to translational diffusion, taken as the full width at half maximum (FWHM) can be calculated from Eq. (22) At higher Q, the S w (Q, ω)-broadening is greater than that of S sol (Q, ω), see Fig. 3 , because the effect of the excluded volume becomes negligible, and the intramolecular scattering from
The strong decrease of the intensity with increasing Q, both for S w (Q, ω) and for for the experiment with λ 0 =10Å. The notations are the same as in Fig. 2 . As compared to Fig. 2, i ) the broadening of the S sol (Q, ω) and S w (Q, ω)-terms is clearly observable; ii ) the intensity of the S cross (Q, ω)-term is negligible. The scattering is due to S sol (Q, ω) and due to the scattering from D 2 O that is practically the same as the pure D 2 O scattering.
put, this is because the solute molecules are dispersed not in vacuum, but in a medium with a non zero neutron coherent scattering length, and this leads to a destructive interference.
Since the uniform fluid approximation does not account for the intermolecular D 2 O scat- Fig. 2 for DIMEB, the only difference is that the intermolecular D 2 O scattering due to a finite size of water molecules was not approximated by the corresponding term for pure D 2 O (i.e., Eq. (4b) was used instead of Eq. (24)).
The notations are the same as in Fig. 2 . For reasons why the fit quality is somewhat better, see text.
tering arising due to a finite size of the molecules, we approximated it by the corresponding contribution to the pure D 2 O scattering (S corr w (Q, ω) in Eq. (24)). In the low Q region, this approximation improved the fit quality for γ-CD, and slightly worsened the fit quality for TRIMEG and DIMEB (as opposed to the fits with neglecting S corr w (Q, ω) entirely, see the example of such a fit for DIMEB in Fig. 4 ). Since S corr w (Q, ω) has about the same intensity as the D 2 O-incoherent scattering (see section III B), it can be neglected whenever the total scattering is much more intense than the D 2 O-incoherent scattering. As seen from Fig. 2 , this is the case for DIMEB and TRIMEG, but not for γ-CD. Thus, the use of S corr w (Q, ω) is expected to improve the fit quality to a lesser extent for mCDs than for γ-CD. The reasons for a slightly better fit quality for mCDs when the intermolecular D 2 O scattering is neglected altogether are difficult to pursue as we can not at present calculate or measure the exact value of S corr w (Q, ω).
At low Q the coherent QENS intensity is proportional to the squares of the contrast and of the excluded volume (Eq. (19) 33 . The low contrast for γ-CD is the main reason why at low Q the QENS intensity of the γ-CD spectra is substantially weaker than that of the mCDs spectra.
As shown above, the quasielastic broadening due to the translational diffusion of a solute molecule is about 5% of the resolution width at Q=0.14Å -1 . This broadening quickly rises with increasing Q, thus allowing to determine D tr sol by fitting. The so-obtained D tr sol values depend on the value at which the rotational diffusion coefficient, D r sol , was fixed (see Table II ). This is not surprising: the radius of a cyclodextrin molecule is about 10Å, therefore, the rotational broadening is non negligible already at Q=0.2Å 
where water scattering was calculated from Eqs. (4a)-(4c) using the structure factor of pure D 2 O, and solute scattering was calculated just as it was done here. Moreover, the solute translational diffusion coefficients that were obtained were similar to the values obtained in Fitting of the model developed in this work results in the reasonable F sc (φ)-curves for γ-CD and TRIMEG (Fig. 5, filled symbols) . As for DIMEB, S cm sol (Q) that we used accounts for hard body solute-solute interactions only, and solute-solute interactions in DIMEB solutions are substantially attractive 33 . In fact, the excess in the F sc (φ) of DIMEB, (increasing toward low Q), is in semi-quantitative agreement with experimental S cm sol (Q) data 33 . Thus, the model developed in the present paper provides a good description not only for the line shape, but for the intensity of the QENS spectra as well.
V. DISCUSSION
The basic goal of this paper is to develop model expressions allowing an explicit consideration of the QENS contributions due to time-dependent spatial pair correlations between all atoms in aqueous solutions of one molecular species. In section II A we showed how one could realize this in general. In section II B we applied an extension of Soper's theory of the excluded volume effect to derive the simplified QENS model expressions valid in the low Q region. In section II C these model expressions were shown to be compatible with the concept of scattering contrast. Finally, we demonstrated that our model can adequately explain the QENS spectra of cyclodextrins dissolved in heavy water.
An adequate description, in our opinion, comprises not only an adequate fitting quality (that is, a sufficiently good line shape description), but an adequate reproduction of QENS intensities as well. As shown above, a criterion for the latter could be the scattering-angle dependence which results from the fit of the scaling factor F sc (φ). Whenever this scaling factor is strongly φ-dependent this means that the coherent scattering from the sample was With increasing solute concentration the fraction of hydration water increases, and both assumptions mentioned above become inapplicable. In case of crowded solutions, however, there is no bulk water at all; hence, one set of dynamical parameters (different from such for pure water) may be sufficient to satisfactorily describe S w (Q, ω).
Using Vineyard's convolution approximation to calculate the scattering function for the collective translational diffusion has little theoretical foundation and is known to fail at very low Q (in the hydrodynamic limit), and in the high Q-region 14 (the start of which is approximately given by the position of the first peak of the intermolecular structure factor).
We stress that this approximation is used for practical purposes only. Furthermore, for cyclodextrin solutions, the high Q-region starts from 0.4-0.5Å -1 (Ref. 33 ) and the Q-values are not very low, either; hence, the convolution approximation may be acceptable.
With the model presented in section II B it is straightforward to obtain the translational and rotational diffusion coefficients of the solute molecules from quasielastic small-angle neutron scattering (QESANS) experiments. The obvious requirement is a sufficiently high energy resolution (i.e., sufficiently narrow FWHM of R(φ, ω)), in order to observe the translational or rotational broadening, or both. For cyclodextrins, the resolution used in this work (∆E≈10 µeV) is already high enough, but additional measurements with the resolution of the backscattering spectrometers (∆E≈1 µeV) would be rather beneficial. To profit from the simplicity associated with the uniform fluid approximation, the scattering contrast should be high, and the measurements should be done in the Q region where the QESANS intensity dominates.
It is important to note that the incoherent scattering by the solvent is less of a problem in QESANS than it is in SANS, because the broadening due to solvent dynamics is larger than that of the QESANS component, and a clear separation between both (given a sufficient energy resolution) is easy. Thus, even QESANS measurements of H 2 O solutions (despite a high incoherent scattering contribution) would be perfectly feasible. The incoherent solute scattering is obviously not a problem either, except for the fact that it depends on the translational self diffusion, while the lineshape of the QESANS component is governed by the collective translational diffusion.
Beyond the uniform fluid approximation
The uniform fluid approximation is a convenient way to study solute dynamics without the need to bother with water-water (S cm w (Q)) and solute-water (S sol−w (Q)) structure factors (to obtain the solute-solute structure factor (S cm sol (Q)) is relatively easy). On the other hand, this approximation is limited to the region of low Q values, and it does not allow to extract any information on the motion of water molecules relative to the solute molecules (i.e., I tr sol−w (Q, t) or S tr sol−w (Q, ω)). This approximation is not strictly necessary: the framework presented in section II A is fairly general. However, to use this framework in the QENS analysis, one would require to model (or measure) both S cm w (Q) and S sol−w (Q).
As an example of what can be learned, consider the hydration shell: it is the layer where significant time-dependent spatial correlations between the solute and water molecules exist, and these correlations contribute to the intermolecular coherent scattering (S cross (Q, ω) in Eq. (3)). Thus, as seen from Eq. (5), to learn about the hydration shell we need an expression for S tr sol−w (Q, ω). This expression can be taken from Eq. (8), but an even more simple approach (which does not rely on Vineyard's approximation) could be to write:
where S At present it is not easy to obtain S cm w (Q) and S sol−w (Q) from a QENS experiment.
Indeed, the QENS lineshape depends on the Q-dependent intensities of three separate components: S sol (Q, ω), S cross (Q, ω) and S w (Q, ω); these intensities depend on the structure factors S cm sol (Q), S sol−w (Q), and S cm w (Q). If the scaling factor, F sc (φ), would result from the fit as an angle-independent constant (as expected in the error-free ideal case), both S sol−w (Q), and S cm w (Q) could be obtained from fitting the model to the QENS spectra, and then compared to theoretical models. If this were true in the present work, then F sc (φ)
would be φ-independent for the case of pure D 2 O but, as seen in Fig. 5 , the corresponding F sc (φ)-curve is still not entirely flat. This is mainly because of the multiple scattering and the attenuation of the incident and singly scattered beams in the sample (in case when the sample container is a plain slab the attenuation is especially φ-dependent). The corrections for these two effects depend on a number of different factors (sample size, macroscopic scattering and absorption cross-sections of the sample, scattering angle, sample orientation etc) and, to be exact, require a numerical integration of multiple integrals. If the sample container is a hollow cylinder, the attenuation of single scattering is independent on the scattering angle and the multiple scattering is less important; hence, a flatter F sc (φ)-curve can be expected. Then, one can keep F sc as a φ -independent fit parameter and obtain Q-dependent structure factors from the fit to the QENS spectra.
In conclusion, we presented a model accounting for both coherent and incoherent Appendix A: QENS model for one molecular species
In section II A the scattering by solute and water molecules, S sol (Q, ω) and S w (Q, ω), respectively, was expressed using a model developed by Sears 13 . In the following we show the deduction of this result in more detail.
The scattering function for molecules of one particular species in a liquid solution is,
where n is the number density of the molecules. The Debye-Waller factor, DWF = e − u 2 Q 2 , accounts for the Q-dependent decrease (caused by vibrational motions) of the quasielastic intensity, u 2 is the mean square vibrational amplitude of a molecule. In writing of Eq. (A1) we used the model of continuous rotational diffusion on a spherical surface 13 , thus:
where D r is the rotational diffusion coefficient of the molecule. The coefficients A l (Q) account for the molecule's coherent and incoherent scattering and are given by:
where m is the number of nuclei in the molecule, b µ is the neutron coherent scattering length of the µth nucleus, the vectors r µ and r ν point from the CM to the µth and νth atoms, θ µν is the angle between r µ and r ν , P l is the Legendre polynomial of degree l, σ inc is the incoherent scattering cross-section. Note that for l = 0, because of the assumption that rotational motions of different molecules are not correlated with each other 13 , only S inc tr (Q, ω) appears in Eq. (A3).
For l = 0, in Vineyard's convolution approximation 11 ,
The function S cm (Q) is the intermolecular center-of-mass (CM) structure factor of the molecules.
The incoherent translational scattering function, S inc tr (Q, ω), is a Lorentzian:
In the frame of the isotropic jump-diffusion model 42 :
where D tr and τ tr are the molecule's translational diffusion coefficient and correlation time, respectively.
We define the effective scattering length of the molecule, b(Q):
Note that:
The model defined above is applied in section II A to express the scattering by solute and water molecules, S sol (Q, ω) and S w (Q, ω), respectively.
Appendix B: Intermediate scattering function for solute-water pair-correlations
In the following we show how the term S cross (Q, ω) appearing in Eq. (3) leads to Eq. (5). The contribution of water-solute cross-correlations to Eq. (2) can be written as
where the summations over µ and over ν are taken over the nuclei in the solute and in the water molecule, respectively, and b µ is the neutron coherent scattering length of the µth nucleus. We assumed that i ) the rotational motions of a water molecule, as well as of a solute molecule are uncorrelated with their translational motions; ii ) the rotational motion of a water molecule is uncorrelated with the rotational motion of a solute molecule. The translational contribution, I tr cross (Q, t), reads
Note that in the first double sum the index i refers to the CM of a solute molecule and j to the CM of a water molecule, while in the second double sum the order is opposite.
Since I(Q, t) (and S(Q, ω)) measured in the experiment are the averages over the measurement time (t m ), and because all solute and water molecules are equivalent, Eq. (B2) can be written as
Henceforth, since t ≪ t m , we approximate t − t m by t m . By introducing G sol−w (r, t, t 0 ) and G w−sol (r, t, t 0 ) which are solute-water and water-solute time-dependent pair-correlation functions, respectively, and by presenting the sums as integrals of these functions, Eq. (B3) can be written as
where V is the volume of the sample. Note that G sol−w (r, t, t 0 ) and G w−sol (r, t, t 0 ) are averages over initial positions of the solute and water molecule, respectively.
To introduce the dependence on the spatial origin r 0 via time-dependent local number densities 43, 44 , n(r, t) (for the definition see Eqs. (D1-D2) in Appendix D), we define
Eq. (B4) can now be written as
In principle, Eq. (B7) is just an expanded version of Eq. (B2) with averaging over initial positions and times shown explicitly. Since the functions n w (r, t) and n sol (r, t) are real-valued, the two terms at the right side of Eq. (B7) are identical. Thus, one can see that I tr cross (Q, t), and, consequently, the cross-term I cross (Q, t) is controlled by the relative motion of a water molecule with respect to a solute molecule, and vice versa. For the reason given in Appendix C, from the two possible denominations (G sol−w (r, t) and G w−sol (r, t)) we will use the first one, i.e., G sol−w (r, t) and its Fourier transforms.
From the above, after averaging over all Q-orientations and using Eq. (A8), Eq. (B1) can be written as:
where n sol is the solute number density, and I tr sol−w (Q, t) is the space-Fourier transform of Eq. (B5). The time-Fourier transformation of Eq. (B8) yields Eq. (5).
Appendix C: Solute-water pair-correlations
In section II A we related the scattering contribution from the time-dependent water-solute paircorrelations, S cross (Q, ω), to S tr sol−w (Q, ω), which, using Vineyard's convolution approximation, was approximated by the product of the solute-water structure factor S sol−w (Q) and the water incoherent translational scattering function S inc tr w (Q, ω) (see Eq. (8)). The explanation is as follows.
As it was said in Appendix B, both S tr sol−w (Q, ω) and S tr w−sol (Q, ω) can be used. In Vineyard's approximation one can write Instead of the static local number density, n(r) used in Ref. 12 , the function relevant in our case is the time-dependent local number density, n(r, t), which for N atoms in a volume V is:
where R j (t) is the vector giving the position of jth atom at time t. The expression for the timedependent pair correlation function, G(r, t), reads:
G(r, t) = 1 N n(r ′ )n(r ′ + r, t) dr ′ (D2) G(r, t) can be presented as the sum of the self and distinct time-dependent correlation functions, G self (r, t) and G dist (r, t):
Given that there are N cm molecules, M atoms per molecule, N = N cm M , the functions n cm (r, t),
and G cm (r, t) are defined as above except that they refer to the CM of the molecules. Introducing the internal atomic number density, n (p) (r, t) (which is zero outside the volume of the molecule), n(r, t) can be presented as:
n(r, t) = n cm (r ′ , t)n (p) (r − r ′ , t) dr
The G(r, t)-expression defined by Eq. (D2) can be rewritten using Eq. (D5) as: 
Substituting u ′ = r ′ − r ′′ and u ′′ = r + r ′ − r ′′′ we get:
The substitutions u = u ′′ − u ′ and r ′ = r ′′ + u ′ yield (compare with Eqs. (S8, S9)):
The self and distinct internal correlation functions, G self (p) (u, t) and G dist(p) (u, t), respectively, are:
where .. Ω stands for orientational average. The integrals of G self (p) (u, t) and G dist(p) (u, t) over the volume of the molecule are equal to 1 and M − 1, respectively. It follows from the above:
For t = 0, Eq. (D11) is identical to Eq. (S10).
Application of the UFA to water-water and solute-water pair-correlations
Let us have N sol solute molecules in a volume V , the mean solute number density is n sol , 
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